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Many developmental genes are controlled by
shadow enhancers—pairs of enhancers that drive
overlapping expression patterns. We hypothesized
that compensatory evolution can maintain the total
expression of a gene, while individual shadow en-
hancers diverge between species. To test this hy-
pothesis, we analyzed expression driven by ortholo-
gous pairs of shadow enhancers from Drosophila
melanogaster, Drosophila yakuba, and Drosophila
pseudoobscura that control expression of Kr€uppel,
a transcription factor that patterns the anterior-pos-
terior axis of blastoderm embryos. We found that
the expression driven by the pair of enhancers is
conserved between these three species, but expres-
sion levels driven by the individual enhancers are not.
Using sequence analysis and experimental perturba-
tion, we show that each shadow enhancer is
regulated by different transcription factors. These re-
sults support the hypothesis that compensatory evo-
lution can occur between shadow enhancers, which
has implications for mechanistic and evolutionary
studies of gene regulation.
INTRODUCTION
Compensatory evolution is the offset of a single deleterious mu-
tation by a second mutation (Kimura, 1985). Searching for
compensatory evolution within and between proteins has re-
vealed physical interactions and led to global predictions of pro-
tein structure and function (Hopf et al., 2012, 2014; S€uel et al.,
2003; Ovchinnikov et al., 2014). In studies of regulatory DNA,
compensatory evolution has been observed at multiple scales.
Within transcription factor (TF) binding sites, compensatory
mutations of individual base pairs maintain the overall binding
affinity (Mustonen et al., 2008). Compensatory evolution has
also been observed in enhancers—collections of TF binding
sites that control tissue-specific gene expression. In this setting,
a slightly different definition is used: the function of the ‘‘whole’’
piece of regulatory DNA is conserved, while its constituent1740 Cell Reports 12, 1740–1747, September 22, 2015 ª2015 The A‘‘parts’’ are not. For example, the whole even-skipped (eve)
stripe 2 enhancer is functionally conserved between Drosophila
species, but the 50 and 30 pieces of this enhancer are not
conserved (Ludwig et al., 2000). Ludwig et al.’s (2000) seminal
study inspired the idea that enhancer function can be conserved
without strict sequence conservation (Arnosti and Kulkarni,
2005; Weirauch and Hughes, 2010).
We hypothesize that compensatory evolution in regulatory
DNA occurs at an even larger scale—between multiple en-
hancers controlling a single gene. Many developmental genes
are controlled by pairs of ‘‘shadow’’ or ‘‘sibling’’ enhancers, en-
hancers that control a single gene and drive overlapping patterns
of expression. Shadow enhancers are important for driving
robust gene expression patterns in the face of environmental
and genetic perturbations (Hong et al., 2008; Perry et al., 2011;
Frankel et al., 2010; Fujioka and Jaynes, 2012; Barolo, 2012;
Frankel, 2012; Lam et al., 2015). Genome-scale studies support
the hypothesis of compensatory evolution between enhancers.
Gene expression levels are maintained between Drosophila spe-
cies, despite changes in TF binding (Paris et al., 2013). High-
throughput measurements in cell culture suggest that compen-
satory evolution between enhancers is common, but measure-
ments in cell culture do not allow the identification of bona fide
shadow enhancers (Arnold et al., 2014). Here, we test the hy-
pothesis of compensatory evolution within a specific pair of
defined shadow enhancers using spatially resolved measure-
ments in embryos. Investigating a specific pair may provide in-
sights into how shadow enhancers together act on a single pro-
moter to control a gene’s expression.
We looked for compensatory evolution in two shadow
enhancers that control the expression of Kr€uppel (Kr), a TF in
the embryonic anterior-posterior (AP) patterning network of
Drosophila. Kr is expressed as a single transverse stripe in the
middle of the blastoderm embryo, and this expression domain
is controlled by two shadow enhancers that drive nearly iden-
tical patterns (Hoch et al., 1990; Jacob et al., 1991; Perry
et al., 2011). The Kr expression pattern is highly conserved
between D. melanogaster (D. mel), D. yakuba (D. yak), and
D. pseudoobscura (D. pse) (Fowlkes et al., 2011) despite wide-
spread changes in regulatory DNA between these species (Clark
et al., 2007). It is possible to measure the level and position of
mRNA expression with high precision in Drosophila embryos
(Luengo Hendriks et al., 2006; Wunderlich et al., 2014), makinguthors
AB C D
Figure 1. The Pair of Shadow Enhancers
from D. mel, D. yak, and D. pse Drive Similar
Levels of Gene Expression
(A) We created transgenic D. mel lines that contain
lacZ reporters for the Kr distal and proximal en-
hancers with endogenous intervening sequence
from D. mel, D. yak, and D. pse. All reporter con-
structs in this study were integrated into the same
site in the genome. ‘‘Virtual’’ embryos show the
average lacZ expression pattern in yellow and are
oriented with anterior left (A), posterior right (P),
dorsal up (D), and ventral down (V). We used in situ
hybridization with a co-stain to detect lacZ
expression. We found that the spatial pattern and
level of lacZ expression driven by these three
constructs are nearly identical, as shown in (B)–(D).
(B) Average lacZ signal from each reporter line is
plotted as a function of AP position along the
lateral side of the embryo, with shaded regions
showing the standard error of the mean (SEM).
D. mel is in black; D. yak is in dark gray, and D. pse
is in light gray. AU, arbitrary units.
(C) The position and magnitude of peak lacZ
expression is plotted for individual embryos. Using
a rank-sum test with a Bonferroni multiple comparison correction, we found that the median peak expression levels between the three reporter lines are not
statistically different, p > 0.3.
(D) The position of the lacZ expression boundaries is plotted with the SEM. The anterior expression boundary does not significantly vary between lines, but the
posterior boundary is shifted to the anterior in the D. mel reporter line by 1% of the AP axis, about one cell width. The shaded orange region is the endogenous
D.mel Kr expression pattern. TheD.mel reporter matches endogenous expression to within a cell width, indicating thatmost ofKr’s spatial regulatory information
is captured by the reporter.this pair of shadow enhancers an ideal case to test for compen-
satory evolution.
To assess how shadow enhancers evolve, we measured the
expression driven by each of the two embryonic Kr enhancers
singly and in combination from D. mel, D. yak, and D. pse. If
compensatory evolution occurs between this pair, constructs
that contain both Kr enhancers from a single species will drive
similar expression, but the expression driven by individual en-
hancers will diverge between species, as will expression driven
by interspecific chimeras.
RESULTS AND DISCUSSION
Kr’s Expression Levels Are Conserved between Species
We first verified that the level and position of mRNA expression
driven by the pair of shadow enhancers are quantitatively
conserved between D. mel, D. yak, and D. pse. The endogenous
Kr pattern in the three species is spatially conservedwith respect
to the expression pattern of its regulators (Fowlkes et al., 2011).
Compared to other TFs involved in embryonic patterning, RNA
sequencing (RNA-seq) measurements show that the overall
levels of Kr expression are among the most strongly conserved
between the three species (Paris et al., 2013). We directly
measured shadow enhancer function using transgenic reporter
lines inD. mel, where the trans environment, promoter, and other
variables affecting expression are identical. By normalizing
levels of mRNA with a co-stain, we compared both expression
patterns and levels between reporter constructs (Wunderlich
et al., 2014).
We found that the pair of Kr shadow enhancers from D. mel,
D. yak, and D. pse drive indistinguishable gene expression levelsCell Repand highly similar expression patterns (Figure 1B). The median
expression levels are not statistically different between
reporter lines (Figure 1C; p > 0.3, pairwise rank-sum tests with
Bonferroni correction). The boundaries of the expression pat-
terns are similar, but the D. mel reporter line drives a pattern
that is shifted to the anterior by 1% or approximately one cell
width (Figure 1D).
Individual Enhancers Diverge in Expression Levels
between Species
If compensatory evolution occurs between a pair of shadow en-
hancers, expression driven by each individual enhancer may
differ between species. Therefore, we measured the mRNA
expression driven by all six individual enhancers constituting
the three orthologous Kr pairs. In this setting, the signature of
compensatory evolution is that the function of the combined
construct is conserved while the function of individual enhancers
may diverge. For this reason, we focus on expression level,
which is conserved in the combined constructs, and not the
spatial pattern, which differs slightly between species (Fig-
ure 1D). However, we note that the differences in spatial expres-
sion patterns are more dramatic in constructs driven by
individual enhancers (Figure 2) compared to the combined con-
structs (Figure 1), suggesting that compensatory evolution may
also stabilize the spatial pattern.
The expression levels driven by isolated enhancers
differ between species. The D. pse proximal enhancer drives
higher levels of mRNA expression than the D. mel and D. yak
proximal enhancers (Figure 2A; p % 0.002, rank-sum test with
Bonferroni correction). In contrast, the D. mel and D. yak distal
enhancers drive higher levels of mRNA expression than theorts 12, 1740–1747, September 22, 2015 ª2015 The Authors 1741
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Figure 2. The Spatial Expression Patterns
and Levels of mRNA Driven by Individual
Kr Enhancers Vary between Species
We measured the expression driven by six addi-
tional reporter lines containing the proximal and
distal enhancers from D. mel, D. yak, and D. pse.
(A) The proximal enhancers do not drive
conserved expression patterns or levels. The
median peak expression levels between theD.mel
and D. pse and the D. yak and D. pse lines are
statistically different (rank-sum test, p % 0.002).
AU, arbitrary units; D, dorsal up; V, ventral down.
(B) The distal enhancers do not drive conserved
expression patterns or levels (rank-sum test of
median peak levels, p% 0.002).
In (C)–(E), the data from (A) and (B) are repre-
sented to compare the enhancers from each
species. The D. mel enhancers drive similar levels
of expression (rank-sum test, p = 0.81) but
different patterns, whereas the D. yak and D. pse
enhancers drive different patterns and levels of
mRNA (rank-sum test, p = 0.0017 and 8e6,
respectively).D. pse distal enhancer (Figure 2B; p% 0.002, rank-sum test with
Bonferroni correction). These differences are consistent with
the phylogenetic distances between the species, which are
25 million years between D. mel and D. pse and 10 million
years between D. mel and D. yak. Thus, while the expression
level driven by the pair of Kr shadow enhancers is conserved be-
tween these three species, the levels of mRNA expression driven
by each individual enhancer are not, supporting our hypothesis1742 Cell Reports 12, 1740–1747, September 22, 2015 ª2015 The Authorsthat the shadow enhancers are subject
to compensatory evolution.
We also made chimeric constructs
that combine the proximal and distal en-
hancers from different species. We hy-
pothesized that these chimeras would
not drive the same expression levels as
constructs containing pairs of shadow
enhancers from a single species.
Because the endogenous sequence be-
tween the enhancers is unalignable be-
tween D. mel and D. pse, we replaced
this sequence with an artificial spacer
from the lambda phage genome. We
confirmed that the single-species con-
structs with a lambda spacer drive the
same expression levels as those with
endogenous spacers (Figure 3A; p >
0.5, paired rank-sum tests with Bonfer-
roni correction). We then generated chi-
meras with combinations of the D. mel
and D. pse enhancers and found that
these chimeras each drive significantly
different levels of gene expression; they
also drive significantly different levels
of gene expression than the single-spe-
cies constructs, with the exception ofchimera 1 and the D. mel lambda spacer construct (Figure 3B;
p < 0.05, paired rank-sum test with Bonferroni correction).
Together, these results suggest that compensatory evolution
acts to maintain overall Kr expression levels and, more broadly,
that selection simultaneously acts on all the regulatory DNA
controlling a gene, in line with our previous work and the
work of others (Wunderlich et al., 2012; Arnold et al., 2014; Vil-
lar et al., 2015).
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Figure 3. Chimeric Enhancer Constructs Drive Different Levels of
Gene Expression
(A) To generate chimeric constructs with proximal and distal enhancers from
D. mel and D. pse, we first made constructs in which we replaced the
endogenous sequence between the two enhancers with a spacer taken from
the lambda phage genome.
(B and C) These constructs, shown in orange, drive expression levels that are
not significantly different from the constructs with the endogenous spacer,
shown in black and gray (rank-sum test, p > 0.5). AU, arbitrary units.
(D) We then made chimeric enhancer constructs, which contained the prox-
imal and distal enhancers from different species.
(E and F) These constructs drive significantly different levels of expression from
each other (rank-sum test, p = 2.9e8) and generally drive different levels of
expression from the lambda spacer control constructs (rank-sum test with
Bonferroni correction, p < 0.02), with the exception of chimera 1 and theD.mel
lambda spacer construct (rank-sum test with Bonferroni correction, p = 0.17).Each Kr Shadow Enhancer Is Controlled by Different
Activators
To uncover which DNA sequence changes are responsible for
compensatory evolution of expression level, we looked at the
binding site content of each enhancer. We focused on activators
because, at this stage in development, the spatial pattern of Kr’s
expression is set by repressors while the level of mRNA is set by
activators (Jaeger, 2011). Genetic studies have shown that Kr is
activated by bicoid (bcd) (Hoch et al., 1990; Jacob et al., 1991),
Stat92E (Tsurumi et al., 2011), zelda (zld) (Nien et al., 2011), and
hunchback (hb) (Struhl et al., 1992; Schulz and Tautz, 1994). To
map these genetic interactions to the individual shadow en-
hancers, we looked for TFs whose binding sites are overrepre-Cell Repsented in each enhancer sequence compared to the genomic
background. bcd and zld sites were overrepresented in the
D. mel andD. pse distal enhancers, and Stat92E sites were over-
represented in the D. mel and D. pse proximal enhancers (Fig-
ure 4A; Figure S1). hb sites were overrepresented in the proximal
and distal enhancers from both species. Therefore, we hypothe-
sized that the proximal and distal enhancers are activated by
different TFs.
To test this hypothesis for bcd and Stat92E, we measured the
activity of each enhancer reporter line in embryos depleted for
each gene separately (Staller et al., 2013). In support of our hy-
pothesis, the proximal enhancers drive very low expression
levels in Stat92E RNAi embryos (Figure 4B). In bcd RNAi em-
bryos, the distal enhancers drive weaker expression than the
proximal enhancers (Figure 4C).
To test the role of zld in regulating these two enhancers, we
focused on the onset of expression, because zld regulates timing
of transcription in blastoderm embryos (Nien et al., 2011; Li et al.,
2014). Therefore, we hypothesized that the zld-sensitive distal
enhancers drive transcription earlier than proximal enhancers.
We counted the fraction of embryos expressing lacZ during
stage 4, the stage of development immediately preceding the
blastoderm stage. The D. mel distal enhancer reporter line drove
robust lacZ expression in all stage-4 embryos (n = 8), compared
with none from the D. mel proximal line (n = 13). The same trend
held true for theD. pse distal (83%, n = 18) and proximal (0%, n =
14) reporter lines.
To test how hb regulates the Kr shadow enhancers, we
measured the D. mel enhancers in embryos with ventrally mis-
expressed hb (Clyde et al., 2003). In the ventral region, the prox-
imal enhancer’s expression pattern expands to the posterior,
while the distal enhancer’s pattern retreats, suggesting that hb
activates the proximal enhancer and represses the distal (Fig-
ure 4D). This is consistent with genetic evidence that hb both ac-
tivates and represses Kr (Zuo et al., 1991; Struhl et al., 1992;
Schulz and Tautz, 1994).
Because these experiments are trans-perturbations, we
cannot assess whether each TF is directly acting on each
enhancer; testing direct interaction would require mutation of
the corresponding binding sites in each enhancer. Though
possible, this can be challenging (Struffi et al., 2011). We favor
the hypothesis that these interactions are direct because of our
binding site analysis and existing chromatin immunoprecipita-
tion sequencing (ChIP-seq) data, which shows differential bind-
ing of bcd, zld, and hb activators to the Kr shadow enhancers
(Figure S1). However, even if these interactions are not direct,
the different responses of the proximal and distal enhancers to
perturbation show that these enhancers use different regulatory
logic, contradicting the initial hypothesis that shadow enhancers
bind to the same set of TFs (Hong et al., 2008; Barolo, 2012). Our
emerging picture is that shadow enhancers each build the same
pattern in different ways. Previous studies have shown that the
snail shadow enhancers respond differently to a single repressor
(Dunipace et al., 2011), and in the eve locus, hb activates one
shadow enhancer for stripe 7 and represses the other (Staller
et al., 2015b). Here, we find an even more dramatic difference
in the regulatory logic of the Kr shadow enhancers: each is acti-
vated by a non-overlapping set of TFs.orts 12, 1740–1747, September 22, 2015 ª2015 The Authors 1743
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Figure 4. The Proximal and Distal Enhancers Are Activated by
Different TFs
In (A), we compared the observed number of binding sites for Kr’s known
activators, Stat92E, bcd, hb, and zld, to a background distribution of binding
sites derived from the DNase-sensitive regions of the genome at the blasto-
1744 Cell Reports 12, 1740–1747, September 22, 2015 ª2015 The AOur motivation for identifying the activators of the two Kr en-
hancers was to uncover the changes in regulatory DNA that
lead to compensation in expression levels. However, because
the pair uses different TFs, this is impossible in a small dataset.
If both enhancers were controlled by the same TF, we could look
for anti-correlation in TF binding sites, such as gain of bcd sites in
one enhancer with compensatory loss in the other. However,
because the two enhancers are controlled by different sets of ac-
tivators (Figure 4E), a large number of sequence differences
could explain expression-level changes between species, e.g.,
changes in the number, strength or arrangement of any of the
activator binding sites. This is insufficiently constrained by mea-
surements of three pairs of orthologous shadow enhancers.
However, with measurements from a much larger set of ortho-
logs, it may be possible to discern the sequence changes under-
lying the compensatory evolution of expression levels.
Limitations
We assessed compensatory evolution between shadow en-
hancers using reporter constructs that contain the eve basal pro-
moter (Experimental Procedures), which come with inherent
strengths and weaknesses. The reporter constructs are highly
controlled: when integrated in a site-specific manner, any signif-
icant differences between transgenic reporter lines can be
ascribed to the differences in the enhancer sequences driving
the reporter. Ludwig et al. (2000) showed the power of this
approach in their study of compensatory evolution within the
eve stripe 2 enhancer. However, in the intact animal, promoters,
UTRs, and other factors also affect expression; therefore,derm stage. The p values associated with these scores are given in Figure S1.
The analysis suggests that the proximal enhancers are controlled by Stat92E
and hb and that the distal enhancers are controlled by bcd, hb, and zld.
(B and C) To verify the prediction, we crossed the single-enhancer constructs
into (B) Stat92E and (C) bcd RNAi lines and measured lacZ expression in
embryos depleted for these TFs. As expected, the proximal enhancers drive
weak expression in the Stat92E RNAi embryos, and the distal enhancers drive
weak expression in the bcd RNAi embryos. In bcd RNAi, the proximal en-
hancers are also lowly expressed; this is likely due to indirect effects of bcd
RNAi on hb levels (Struhl et al., 1989). The expression pattern is also shifted to
the anterior and widened, as has been previously observed with the Kr
endogenous pattern in bcd RNAi embryos (Staller et al., 2015a). We cannot
compare the expression levels in RNAi embryos to those of theWT embryos in
Figure 2 because we do not know the effect of bcd and Stat92E RNAi on our
co-stain. However, the unequal expression levels of D. mel enhancers in bcd
and Stat92E RNAi, as compared to the equal levels in WT, demonstrates the
differential sensitivity of these enhancers to the perturbation.
(D) To test each enhancer’s sensitivity to hb, we mis-expressed it in the ventral
part of the embryo. In the left column,weshow theaveragepattern of hbprotein
expression in wild-type (WT) and hb mis-expression embryos at mid-blasto-
derm stage, taken from Staller et al. (2015b). We thresholded cells with
expression levels greater than the mode + 0.5 SD as ‘‘on’’ and colored the rest
of the cells gray as ‘‘off.’’ Deeper colors indicate greater expression. Themiddle
and right columns show the average lacZ expression pattern in each genetic
background. The data were thresholded at the mode + 1 SD. The expansion of
the proximal enhancer’s pattern is consistent with hb activation, while the
retreat of the distal enhancer’s pattern is consistent with hb repression. The
expression in the poles of the embryos is due to an unused hkb co-stain.
(E) Our evidence suggests that the distal enhancer is activated by bcd and zld
and repressed by hb. The proximal enhancer is activated by Stat92E and hb.
See also Figure S1.
uthors
reporter constructs do not fully recapitulate evolution in the nat-
ural setting. The advent of genome editing tools will make
experiments in the intact locus more feasible (Gratz et al.,
2015; Housden et al., 2014), but interpretation of these experi-
ments will be complicated by the feedback mechanisms present
in many transcriptional circuits (Jaeger, 2011; Schier and Gehr-
ing, 1992), which will make it hard to discern the direct effects
of changes in regulatory DNA.
Implications
The observation of compensatory evolution within enhancers led
to the influential idea that stabilizing selection acts on entire en-
hancers rather than on individual TF binding sites (Ludwig et al.,
2000). This allows for flexible constraints on TF binding site orga-
nization within an enhancer (Arnosti and Kulkarni, 2005; Weir-
auch and Hughes, 2010). Our results support the hypothesis
that there is also stabilizing selection between shadow en-
hancers and, therefore, flexibility in how expression is controlled
by multiple enhancers in a locus. The fact that there are multiple
ways to get the same gene expression pattern, with flexibility
both in individual pieces of regulatory DNA and in how informa-
tion is allocated between them, leads to a vast neutral sequence
space of regulatory DNA. This genetic variation is the substrate
upon which evolution can act. Within a species, this large
sequence space allows the species to be mutationally close to
a wide range of phenotypes, allowing for a large number of
evolutionary paths to novelty (Huynen, 1996).
The list of genes controlled by shadow enhancers, super en-
hancers, and other large constellations of regulatory DNA is
rapidly growing, and these genes are often involved in key devel-
opmental programs or disease progression (Hnisz et al., 2015;
Adam et al., 2015). Deciphering how these pieces of regulatory
DNA work together to control expression—and, by extension,
how they are constrained during evolution—is an important
step toward decoding transcriptional regulation in animals.
EXPERIMENTAL PROCEDURES
Transgenic Fly Line Creation
We used the D. mel proximal and distal enhancers used by Perry et al. (2011);
the coordinates for the proximal enhancer are chr2R:21112355-21113940,
and for the distal enhancer, they are chr2R:21110141-21111300 (BDGP R5/
dm3 assembly). We identified orthologous pieces in D. yak and D. pse using
the University of California, Santa Cruz (UCSC) Genome Browser’s liftOver
tool (https://genome.ucsc.edu/cgi-bin/hgLiftOver). File S1 contains the exact
sequences. We confirmed that there was not significant sequence conserva-
tion outside of these regions (Figure S2). Using Gibson assembly, we cloned
the combined construct and the individual enhancers into the pBFY vector,
which contains the eve basal promoter driving lacZ, the Amp and mini-white
marker genes, and an attB site for site-specific integration (Hare et al., 2008;
Groth et al., 2004). Each construct was injected into white118 flies carrying
the attP2 integration site by Genetic Services and Best Gene. Flies were
made homozygous using the mini-white marker.
RNAi and hb Ventral Mis-expression
To measure reporter expression in RNAi backgrounds, we first crossed virgin
females with a maternal-tubulin-Gal4 driver to males with a UAS-short hairpin
RNA (shRNA) construct. The maternal-tubulin-Gal4 is homozygous for two in-
sertions of a construct containing the alphaTub67C promoter and the 30 UTR
from alphaTub84B (Staller et al., 2013). The UAS-shRNA-bcd line is Blooming-
ton Drosophila Stock Center line number 35478 (Transgenic RNAi ResearchCell RepProject [TRiP] construct TRiP.GL00407), and the Stat92E line is number
33637 (TRiP.HMS00035). We then collected virgin female offspring and
crossed these flies to reporter line males. The resulting embryos were
collected as described later. The shRNA against bcd was validated in Staller
et al.’s (2015a) study. Using qPCR, we confirmed that the Stat92E shRNA
knocked down Stat92EmRNA expression by90% (Figure S1). As in the Stal-
ler et al. (2015a) study, we removed embryos with weak knockdown from the
dataset based on the expression pattern of fushi-tarazu (ftz). ftz is normally ex-
pressed in seven transverse stripes along the AP axis, and its pattern is altered
in a stereotypical manner in response to bcd and Stat92E knockdown. bcd
RNAi embryos with a strong knockdown have only six ftz stripes, so we
removed embryos that had seven ftz stripes. To curate the Stat92E RNAi em-
bryos, we removed embryos that did not have thick ftz stripes 6 and 7 and
weak ftz stripe 4. We mis-expressed hb in the ventral part of the embryo using
a construct driving hbwith the snail promoter (kindly provided by Steve Small),
as described by Clyde et al. (2003).
In Situ Hybridization
In situ hybridization was performed as described by Luengo Hendriks et al.
(2006). We collected and fixed 0- to 4-hr-old embryos at 25C. To stain the em-
bryos, we incubated the embryos at 56C for 2 days with 2,4-dinitrophenyl
(DNP)-labeled probes for lacZ and hkb and digoxigenin (DIG)-labeled probes
for ftz. The hkb probes are a standard for normalizing expression levels be-
tween different reporter lines. We sequentially detected the probes with anti-
DIG HRP (horseradish peroxidase) antibody (Roche) plus coumarin-tyramide
color reaction (PerkinElmer) and anti-DNP HRP (PerkinElmer) antibody plus
Cy3-tyramide color reaction (PerkinElmer). We treated the embryos with
RNase A and then stained the nuclei with Sytox Green (Life Technologies).
We mounted the embryos in DePex (Electron Microscopy Sciences), using a
bridge of #1 coverslips to preserve embryo morphology.
Image Acquisition, Processing, and Analysis
Using two-photon laser scanning microscopy, we acquired z-stacks of each
embryo on a Zeiss LSM710with a plan-apochromat 203 0.8 NA objective. Us-
ing the software described by Luengo Hendriks et al. (2006), each stack was
converted into a PointCloud, a text file that includes the location and levels
of gene expression for each nucleus. We imaged embryos in the early blasto-
derm stage (4%–10% membrane invagination) for the figures in the main text,
but we have included the results for older embryos (26%–100% membrane
invagination) in Figure S3.
To normalize the lacZ levels, we identified the 95% quantile of hkb expres-
sion in the posterior 10% of each embryo and divided the lacZ signal by that
amount (Wunderlich et al., 2014). Within a genotype, we expected the lacZ
and hkb levels to be correlated with each other. To verify this, we ran a regres-
sion of the 99% quantile lacZ value from each embryo with the 95% quantile
hkb value. We discarded influential outliers using Cook’s distance (Cook,
1977), as described by Wunderlich et al. (2014). We show the numbers of em-
bryos in Table S1. Importantly, we only compared lacZ levels in embryos
stained in a single batch in the same genetic background to avoid extraneous
sources of noise in the normalization.
To generate the line traces of embryos, we used the extractpattern com-
mand in the PointCloud toolbox (http://bdtnp.lbl.gov/Fly-Net/bioimaging.
jsp?w=analysis). This divides the embryo into 16 strips along the AP axis of
the embryo and, for each strip, calculates the mean expression level in 100
bins along the AP axis. We extracted the strips along the right and left lateral
sides of the embryos, averaged them, and subtracted the minimum value
along the axis to remove background noise. The boundaries of the expression
pattern were defined as the inflection point of the lacZ expression levels.
TF Binding Site Analysis
To calculate the background rate of TF binding site motif matches, we used
accessible regions of the genome during the blastoderm stage, as identified
by DNase sensitivity (Thomas et al., 2011). For each TF of interest, we calcu-
lated the number of motif matches to the background DNA using PATSER
(http://ural.wustl.edu/software.html), with a p value of 0.001. The binding mo-
tifs are from FlyFactorSurvey (http://pgfe.umassmed.edu/ffs/) (Noyes et al.,
2008), and we used a pseudocount of 0.1 and a GC (guanine and cytosine)orts 12, 1740–1747, September 22, 2015 ª2015 The Authors 1745
content of 0.406 when generating position weight matrices from these count
matrices (File S2). The scores shown in Figure 4A are the differences between
the observed number of TF binding sites and the expected number of binding
sites based on the background distribution.
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